Norochcholai coal power plant is the largest coal power plant in Sri Lanka and during the combustion of coalit annually generates about 250,000 metric tons of coal ash which consists of fly ash (FA) and bottom ash (BA). Almost all the generated ash is disposed into ash dumps except a small quantity of FA (30%) that is effectively utilized. Therefore, use of coal ash for construction purposes will offer a sustainable solution for reducing its by-products and overcoming the scarcity of raw materials required for construction work. The main aim of this research was therefore to determine the geotechnical engineering properties of FA and BA to find out the feasibility of using them as light weight embankment or backfill material. A series of laboratory experiments were conducted on FA, BA and FA-BA co-mixed samples to determine their particle size distribution, specific gravity, index properties, compaction characteristics, shear strength parameters and California bearing ratio (CBR). The experimental results reveal that the particle size of coal ash (FA and BA) is predominantly silt sized while containing some sand-sized fractions as well. This coal ash has a low maximum dry density (MDD) and a high optimum moisture content (OMC) compared to typical granular soils used in embankments. In addition, this ash has a higher friction angle and higher cohesion than most types of construction fills. Thus, both FA and BA can be used as light weight embankment or back fill material in civil engineering construction work.
Introduction
Lakvijaya coal power plant in Norochcholai is the largest coal power plant in Sri Lanka. At present, the power generated by this power plant meets about 50% of the daily electricity requirement of Sri Lanka. According to Ceylon Electricity Board (CEB),in the year 2021, coal power plants will be the major sources of power generation (i.e. 84%). During its power generation, Lakvijaya coal power station continuously generates fly ash (FA) and bottom ash (BA) as by-products of its coal burning process. The plant produces about 50,000 metric tons of BA and 200,000 metric tons of FA per annum. Of the total amount of FA produced, a small portion is used for cement production by Siam City (Lanka) Ltd and the remaining FA ends up in a dump yard incurring additional costs. The dump yard of the power plant is located about 100m away from it. The plant has only this dump yard and already a large area of it has been covered with the dumped ash. Land where ash could be dumped is now scarce and the dust emitted by the already dumped ash spreads to nearby settlements. This has made the people living in the surrounding settlements to start complaining and protesting against the dust emissions. Currently, there is a scarcity of natural resources, especially fine aggregates, required for construction purposes. This has caused a shortage of backfill material and lightweight embankment material required for construction work. Due to their increased use, these natural materials have become scarce, and there is an urgent requirement to be ready with alternatives to them. Coal ash produced in the Lakvijayaplant can be used to meet this requirement which will provide a sustainable solution because of its advantages: (1) its byproducts can be used in construction and this will eliminate the land pollution problems associated with dump yards and reduce the cost and energy of land filling, and (2) it will solve the problem of scarcity of granular materials required in construction applications. Other countries such as India and USA in the world have already started utilizing their FA in construction work including highway construction. There have been many studies [1-4, 6, 7, 9 , 11] on the suitability of coal ash for construction applications. A summary of these studies and their key findings are given in Table 1 . It can be seen from Table 1 that coal ash such as FA and BA can be used as light weight embankment or backfill material. However to date, there have been no studies focusing on the geotechnical engineering properties of coal ash obtained from the Lakvijaya coal power plant in Sri Lanka. Therefore, the main aim of this research was to study the geotechnical engineering properties of coal ash (FA and BA) produced by the Lakvijaya power plant, to find out the feasibility of using it as light weight embankment or construction material. A series of experiments including grain size analysis, and specific gravity, Atterberg limit, Proctor compaction and CBR tests were conducted on FA and BA samples obtained from the Lakvijaya coal power plant.
2.
Materials and Methods Composite ash can be used as a conventional fill material.
Materials

Table 1 -Summary of findings from the literature
The typical chemical composition of FA and BA produced in the plant is shown in Table 2 . 
Experimental Methodology
Index property tests including grain size analysis (BS 1377: Part 2: 1990), specific gravity test (BS 1377: Part 2: 1990) and Atterberg limit (BS 1377: Part 2: 1990) test were conducted on all the samples to determine their particle gradations, specific gravities and consistency limits (PL, LL and PI) respectively. The Standard Proctor Compaction Test (BS 1377: Part 4: 1990) was carried out to obtain the optimum moisture content (OMC) and maximum dry density (MDD) of each coal ash sample. For this test, a mold 152 mm in diameter with a height of 127 mm was used for each sample which was compacted in 3 layers by applying 27 blows per layer using a 2.5 kg metal hammer. Two samples, one from the top and the other from the bottom, were taken to measure the moisture content. The average of the two measurements was taken as the moisture content of the sample. Moisture content against dry density was plotted to obtain the compaction curve. From the compaction curve, OMC and MDD were obtained. Direct shear test (BS 1377: Part 7: 1990) was conducted to obtain the shear strength parameters (c and ϕ) of the coal ash. For this test, a direct shear box 60 mm x 60 mm in size was used with a shearing rate of 0.05 mm/min. Samples for the direct shear test were prepared in the CBR mold at OMC obtained from the standard compaction test. The CBR mold was filled with 3 layers and 62 blows were applied to each layer. The samples were then extruded from the CBR mold using the direct shear box. The test was conducted at the normal stresses (σ) 50, 100, 150 kPa and was terminated when shear failure occurred. California bearing ratio (CBR) test (BS 1377: Part 4: 1990) was conducted to check the bearing capacity of coal ash to find out its suitability as an embankment material. For this test, unsoaked CBR test was conducted and the CBR mold was filled with 3 layers of ash prepared at OMC based on the Proctor compaction test results. Each layer was compacted with 62 blows and the specimen was placed centrally on the CBR machine. It was then tested under compression with a penetration metal plunger at a penetration rate of 1 mm/min. Force versus penetration curves were plotted and the CBR values were obtained at specific penetration depths (2.5 mm and 5.0 mm) while being under compression with the standard forces. The higher of the two measurements was taken as the CBR.
3.
Results and Discussion
Index Properties of the Ash Samples
Grain size distributions of the FA and BA samples are shown in Figures 1 and 2 respectively. Table 3 shows the variation of the uniformity coefficient (Cu) and the coefficient of curvature (Cc) of these coal ash samples. From Figure 1 , Figure 2 and Table 3 , it can be seen that coal ash has a particle size distribution ranging from the particle size distribution of silt to that of coarse sand. Well graded gravel has a typical Cu greater than or equal to 4 and a Cc between 1 and 3. Well graded sand should have a Cc in the range 1 to 3 and a Cuhigher than 6 [9] .
Cu of the all ash samples were greater than 10 and their Cc values were within the 1 to 3 range.
Compound
Percentage, % Figure 3 shows the compaction curves of the FA and BA samples while Figure 4 shows the compaction curves of composite samples (C1, C2 and C3). The OMC and MDD values of the FA and BA samples are illustrated in Table 5 . FA2 and BA3 by weight were selected for the blended samples as they had the maximum MDD and lowest OMC in their respective categories. MDD and OMC values of the blended samples are also shown in Table 5 . 
Compaction Test Results of Coal Ash Samples
Figure 4 -Compaction curves of composite Samples Table 5 -MDD and OMC values of the ash samples
The average MDD of FA and BA samples were 1236 kg/m 3 and 1047 kg/m 3 respectively, while their average OMC were 33% and 41% respectively. Of all the samples tested, FA samples possessed the highest density (Table 5) although the density of each compacted FA sample was still lower than that of conventional earth fill material compacted with the same effort. This property of coal ash is due to the uniform gradation of its particles but because of carbon it has, it has a lower MDD and a higher OMC [11] . FA was less sensitive to the variation of moisture content than any of the soils which could be due to the higher air void content of FA. Soils normally have an air void content between 1% and 5% at MDD whereas FA contains 5% to 15% air voids. The higher void content in FA could limit the buildup of pore pressure during compaction, which allows it to be compacted over a larger range of water content [9]. The MDD specified by RDA for embankment material is, (1) 
3.3
Direct shear Test Results FA2 and BA3 samples were selected from among the raw ash samples for the direct shear test as they had the highest MDD and lowest OMC among the samples of their respective categories. As the composite samples were prepared using a co-mix of FA2 and BA3, these composite samples (C1, C2 and C3) were also used for the direct shear test. The normal stresses used to determine the maximum shear stress were 50, 100 and 150 kPa respectively for each sample. The variation of shear stress with horizontal shear displacement (mm) for FA2 and BA3 are shown in Figure 5 . Maximum shear stress is taken as the peak shear stress on the shear stress (kPa) versus horizontal shear displacement (mm) curve. In order to establish shear strength parameters (cohesion and angle of internal friction) of the compacted ash samples, a plot of maximum shear stress (ordinate) versus normal stress was made ( Figure 6 ). A straight line (best fit) was drawn through the plotted points and extended to intersect the ordinate. The shear stress intercept gives the cohesion (c) while the slope of the line gives the angle of internal friction (ϕ) of the sample. Table 6 shows the shear strength parameters and MDD of FA, BA and blended samples. The MDD of the tested samples given in Table 6 are very close to the MDD obtained for the respective samples from the standard compaction test (Table 5) . From Table 6 , it can be noticed that c and ϕ of BA are higher compared to those of FA. Under dry conditions, the mechanical properties of the incinerator BA are mainly influenced by the Al2O3 and Fe2O3 content, because the shear strength parameters of BA are similar to those of sand and gravel. Each of the mixes has a higher shear strength and a lower density, and therefore they will develop lower normal stresses on foundation soils, thereby reducing the settlement [9] . Shear strength parameters (c and ϕ) of the blended samples fall in between those of FA and BA. The friction angle of each sample was between 30⁰ and 40⁰, and thus according to IRC guidelines they can be used as light weight embankment material. sample using information presented in Figure 7 are given in Table 7 . CBR of the ash is in the range expected for silts and very fine sands [9] . The geotechnical engineering parameters of FA, BA and blended samples obtained during the current study are in good agreement with their values obtained in the previous studies [3, 5, 8, 9] . However, as this ash does not meet RDA specifications, it is not possible to use it as an embankment material for heavily loaded embankments. However, it should be possible to use this ash as a light weight embankment material for construction purposes.
Conclusions
An experimental program was conducted to study the suitability of coal ash produced by the Lakvijaya power plant for use as in embankments. Altogether nine samples were tested including three fly ash samples (FA1, FA2 and FA3), three bottom ash samples (BA1, BA2 and BA3) and three FA-BA co-mixed samples (C1, C2 and C3 Grain size distribution results reveal that the this ash (FA and BA) is similar to well graded sand range as far as grain size distribution is concerned, and that the gradation of BA meets the RDA requirement for embankment material, whereas the gradation of FA does not meet the RDA requirement. Specific gravity of FA and BA are lower than that of typical backfill material, and these lower specific gravities will be advantageous to reduce the settlement due to the weight of the embankment. Liquid Limit (LL) value of FA falls within the range specified by RDA for Embankment Type I and Type II material, whereas none of the BA samples are suitable to be used as embankment material according to Atterberg limits specified in the RDA guideline. Maximum dry density (MDD) and optimum moisture content (OMC) obtained for FA and BA samples by carrying out the Standard Proctor Test on them meet the IRC requirements for Embankment material, whereas none of the FA, BA and blended samples are within the limits specified by RDA based on modified Proctor test results. Shear strength parameters (c and ϕ) obtained for FA and BA are in agreement with the previous findings and the friction angle values (ϕ) satisfy the requirement set out in the IRC guideline. CBR obtained for coal ash is in agreement with the previous findings, and the 4 day soaked CBR obtained for fly ash satisfies the specification given in the RDA requirement for embankment material. None of the tested ash mixes (FA1-FA3, BA1-BA3 and C1-C3) satisfies all the requirements set out in RDA and IRC guidelines for a typical embankment material. However, some test results satisfy the requirements set out in those guidelines. Previous findings on coal ash (FA, BA and their blended mix) also suggest that this ash can be used as a light weight embankment material. It can thus be concluded that coal ash produced by the Lakvijaya coal power plant can be used as light weight embankment material in construction work.
